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Introduction
Ligaments consist of soft connective tissues that transmit mechanical force between bone and bone or bone and muscle. The periodontal ligament (PDL) is a fibrous connective tissue located between the tooth root and the alveolar bone. PDL is composed of various types of cells, including fibroblasts, cementoblasts, osteoblasts, epithelial cells (rests of Malassez), vascular endothelial cells (ECs), and nerve cells [1] . In response to oral environmental alterations such as a tooth movement during orthodontic treatment, the PDL cells have the ability to remodel or reconstruct the periodontal tissue. For PDL tissue remodeling, multipotent progenitor cells or stem cell-like cells must be present in the PDL.
Recently, several studies have demonstrated that PDL fibroblastic cells exhibit biological characteristics similar to that of bone marrow-derived undifferentiated mesenchymal cells, suggesting that the mineralized tissue lineages may have originated from a common early progenitor [2] [3] [4] [5] . Seo et al. also showed that the PDL cells exhibit cementoblastic/osteoblastic or adipogenic differentiation in vitro and have the potential to generate cementum/PDL-like tissue in vivo, suggesting that multipotent stem cells are present in PDL [6] .
We previously demonstrated that several single cell-derived cultures (SCDCs) from a primary culture of rat fibroblast-like cells derived from the PDL expressed EC-specific markers in addition to mesenchymal stem cell (MSC)-and ligament cell-specific markers [7] . Intriguingly, SCDC2 cells, which abundantly expressed the EC marker Tie-2, vigorously constructed blood vessel structures in a three-dimensional type I collagen scaffold, suggesting that SCDC2 cells retain endothelial progenitor cell (EPC)-like characteristics. In addition, SCDC2 cells expressed not only the EC markers Tie-2, von Willebrand factor (vWF), and CD31 but also the myofibroblast (MF) markers alpha-smooth muscle actin (α-SMA), h1-calponin, and collagen type I alpha 1 (colIα1) [7, 8] , which suggests that SCDC2 cells may possess MF-like characteristics, which allow them to participate in remodeling of fibrous tissue networks in PDL tissue. MFs are known to arise from undifferentiated mesenchymal cells and are responsible for collagen turnover at the site of fibrous tissue remodeling [reviewed in 9]: MF expands fibrous tissue by the formation of the collagen network. Meng et al. demonstrated that orthodontic mechanical tension affected the expression of α-SMA by PDL-derived fibroblast-like cells [10] : fluorescent immunohistochemical analysis revealed that the expression of α-SMA was induced in the tensed side of the PDL by unidirectional orthodontic force loading on the tooth, suggesting that PDL fibroblasts retain the potential to differentiate into MF in response to mechanical loading. However, the molecular mechanisms underlying the orthodontic force-induced expression of MF markers in the PDL-derived EPClike cells still require clarification.
Epidermal growth factor (EGF) was first purified from the mouse salivary gland as a soluble factor that accelerates wound healing in the cornea [11]; however, EGF was soon found to be a general growth factor that regulates various cellular functions involving cell proliferation and differentiation [reviewed in 12, 13] . The EGF receptor (EGFR) family consists of four receptors: EGFR (ErbB-1/HER-1), ErbB-2 (HER-2/neu), ErbB-3 (HER-3), and ErbB-4 (HER-4) [14] . ErbB-2 lacks the ability to bind to ligands, whereas ErbB-3 lacks the intrinsic kinase activity; thus, ErbB-2 and ErbB-3 are non-autonomous. However, ErbB-2 or ErbB-3 form heterodimeric complexes with other ErbB receptors, which are able to generate potent intracellular signals [reviewed in 15] . EGF binds to EGFR and exert the dimerization of the receptors. Then, the cytoplasmic tyrosine kinase domains of EGFR can be autophosphorylated to mediate intracellular signals to various signaling proteins. The carboxy terminal tyrosine residues on EGFR, Tyr1068 and Tyr1173, are the major sites of autophosphorylation, which occurs as a result of EGF-binding and transduces the EGFinduced signals [16, 17] . Intracellular signaling downstream of the autophosphorylated EGFR results in the activation of phospholipase Cγ (PLCγ) and the downstream calcium-and protein kinase C (PKC)-mediated cascades, mitogen activated protein kinases (MAPKs) such as extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 MAPK, small GTPases such as Rho and Rac, multiple signal transducer and activator of transcription absorbance in each well was measured using a plate reader (Tosoh Corp., Tokyo, Japan). The data were shown as values of Abs 450 -Abs 600 . Each experiment was repeated 3 times, with 6 wells for each time point.
Western blotting of phosphoproteins
Cells were plated onto standard 9-cm plastic dishes at a density of 5 × 10 5 cells/dish in Ham's F-12 supplemented with 2 mM glutamine, 10% FBS, 10 ng/mL FGF-1, and 15 µg/mL heparin. After 2 days, the growth medium was replaced with Ham's F-12 containing 1% FBS for serum starvation for 1 day. Then, the cells were cultured for the indicated periods in the medium containing 1% FBS and various concentrations of EGF with or without EGFR-, MEK-or JNK-inhibitors. Next, the cells were lysed in RIPA buffer [50 mM TrisHCl (pH 7.2), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS] containing a protease and phosphatase inhibitor cocktail (Sigma, St. Louis, MO), and then boiled for 5 min. Equivalent amounts of samples were separated by SDS-PAGE using 12.5% polyacrylamide gels, and proteins were electrotransferred onto PVDF membranes (Millipore Corp., Bedford, MA, USA). The membranes were blocked with a PVDF Blocking Reagent for Can Get Signal® (TOYOBO, Inc., Osaka, Japan) for 2 h at room temperature and then incubated with primary antibodies overnight at 4°C. The primary antibodies (rabbit anti-ERK1/2, rabbit anti-p38MAPK, rabbit anti-JNK, rabbit anti-phospho-ERK1/2, rabbit anti-phospho-p38MAPK, and rabbit anti-phospho-JNK polyclonal antibodies), were obtained from Cell Signaling Technology (Beverly, MA, USA). For the detection of EGFR phosphorylation at Tyr1173, a goat anti-phospho-EGFR polyclonal antibody (sc-12351) was obtained from Santa Cruz Biotechnology Inc. (San Diego, CA, USA). To detect total amounts of cofilin or cofilin phosphorylated at Ser3, rabbit anti-cofilin (#5175, Cell Signaling Technology) and rabbit anti-phospho-cofilin (#3313, Cell Signaling Technology) monoclonal antibodies were used. For the detection of total amounts of c-Jun or phosphorylated c-Jun, rabbit anti-c-Jun (#9165, Cell Signaling Technology) and rabbit anti-phospho-c-Jun (Ser73) (#3270, Cell Signaling Technology) monoclonal antibodies were used. After washing with Tris buffered saline (TBS) with Tween 20 (TBS-T: 50 mM Tris-HCl, pH 7.2, 150 mM NaCl, and 0.1% Tween-20), the membranes were incubated with the appropriate horseradish peroxidaseconjugated anti-mouse, anti-rabbit, or anti-goat secondary antibodies (Santa Cruz Biotechnology, Inc.). The target proteins were washed with TBS-T and detected by enhanced chemiluminescence with the Amersham TM ECL TM Western Blotting Analysis System (GE Healthcare, Buckinghamshire, UK). All other conditions and the procedures for each immunoblot with various antibodies were according to the manufacturer's instructions. The detected blots were photographed using the photo image detection system CL-Cube L (Tohoku Electronic Industrial Co., Ltd., Sendai, Japan) and densitometrically measured using Image J (version 1.44). Data were shown as the ratio of the band intensity of the phosphorylated bands to that of the total molecular bands. In some cases, the bands of the reference protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH) obtained from whole cell lysates were used as the internal controls for different sample preparations (Fig. 1B) . A rabbit anti-GAPDH polyclonal antibody (IMUGENEX, San Diego, CA, USA) was used for the detection of GAPDH.
Quantitative reverse transcriptase-polymerase chain reaction SCDC2 cells were seeded into 12-well plates at a density of 7.0 × 10 4 cells/well in Ham's F-12 containing 5% FBS and EGF (10 ng/mL), with or without EGFR-, MEK-, or JNK-inhibitors and then cultured for 3 days. In some cases, the cells were first cultured with or without TGF-β1 (1 ng/mL) for 3 days, washed with the Ham's F-12 media 3 times, and then cultured with or without EGF (10 ng/mL) for 3 days (Fig. 4D) . Then, total RNA was extracted with the ISOGEN reagent (Nippongene, Tokyo, Japan) according to the manufacturer's instructions. First-strand cDNA was synthesized from total RNA by using the PrimeScript RT Reagent Kit (Takara Bio Inc., Otsu, Japan). Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) was performed on a Thermal Cycler Dice Real Time System (Takara Bio Inc.) using SYBR ® Premix Ex Taq II TM (Takara Bio Inc.) with specific oligonucleotide primers. The mRNA levels of α-SMA, h1-calponin, and colIα1 were normalized to that of the endogenous reference gene GAPDH, and were shown as fold increases or decreases relative to the level of the control sample. The primers used were α-SMA, 5'-AGC CAG TCG CCA TCA GGA AC-3' (sense) and 5'-CCG GAG CCA TTG TCA CAC AC-3' (antisense); h1-calponin, 5'-ACA CTT TAA CCG AGG TCC TGC CTA-3' (sense) and 5'-CAC GCT GGT CGT ATT TCT G-3' (antisense); colIα1, 5'-AGC TCC TGG GCC TAT CTG ATG A-3' (sense) and 5'-AAT GGT GCT CTG AAA CCC TGA TG-3' (antisense); and GAPDH, 5'-GGC ACA GTC AAG GCT GAG AAT C-3' (sense) and 5'-ATG GTG GTG AAG ACG CCA GTA-3' (antisense).
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Immunofluorescence analysis For Fig. 3B , SCDC2 cells were seeded in type I collagen-coated 8-chamber slides at a density of 1.4 × 10 4 cells/well in Ham's F-12 containing 5% FBS and EGF (10 ng/mL) with or without MEK-inhibitors, and then cultured for 3 days.
For Fig. 4C , the cells were seeded into type I collagen-coated 8-chamber slides at a density of 1.4 × 10 4 cells/well in Ham's F-12 containing 5% FBS and cultured for 2 days. Next, in some cases, cells were treated with TGF-β1 (1 ng /mL) for 3 days. Then, the culture media was discarded, and each well was washed 3 times with Ham's F-12 media. Then the cells were further cultured with or without EGF (10 ng/mL) for 3 days. After the culture procedures described above, the cells on the glass slides were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS: 135 mM NaCl, 1.3 mM KCl, 3.2 mM Na 2 HPO 4 , and 0.5 mM KH 2 PO 4 ; pH 7. . Fluorescent signals were detected and photographed using an Olympus IX71 fluorescence microscope equipped with a DP72 digital camera (Olympus Corp., Tokyo, Japan).
Force application against β1 integrins on the surface of cultured cells
The force generation model used in this study has been previously described [25, 26] . Magnetite 2.5-µm diameter polystyrene beads (Spherotec, Lake Forest, IL, USA) were coated with collagen, as previously reported [27] . The collagen-coated magnetite beads (5-30 µL of the bead stock solution at 1.9 × 10 6 beads/µL) were incubated with 5.0 × 10 5 cells cultured on plastic tissue culture plates for 60 min, to allow attachment to the β1 integrins on the dorsal surface of the cultured cells. Non-coated beads attached to cell surfaces by non-specific interactions were used as the negative control. A ceramic permanent magnet (grade 8, 2.2 × 9.6 × 11 cm; Jobmaster, Mississauga, ON, Canada) was used to generate mechanical forces against the beads (0.6 pN/µm 2 ) perpendicular to the dorsal surface of the cell. For all experiments, the pole face was parallel to cell culture dish surface and was 2 cm away from the culture dish surface. As the surface area of the magnet was larger than that of the culture dishes and the beads were uniformly spread over the cells, the forces applied to cells across the width of the culture dish were almost uniform. Constant forces of the indicated duration were used for all experiments. The magnetic force against the collagen-coated beads attached to the cell surface was applied for 60 min (Fig. 4A) or 3 days (Fig. 4B) .
Results

EGFR-mediated signaling stimulates cell proliferation of the PDL-derived EPC-like fibroblastic cells
Cell proliferation was evaluated by the WST-1 assay, as described in Materials and Methods. EGF promotes cell growth in a dose-dependent manner in the concentration range of 0.1-10 ng/mL (Fig. 1A) . In addition, the EGF-induced proliferation of SCDC2 cells was completely inhibited by the addition of the EGFR inhibitor PD153035 [28] at 5 µM. Next, in order to confirm that EGF activated the EGFR and its downstream molecules in SCDC2 cells, we examined the phosphorylation of EGFR and its downstream molecules ERK, JNK, and p38 MAPK by western blot analyses. SCDC2 cells were stimulated with 10 ng/mL EGF for the indicated time periods. EGF upregulated phosphorylation of EGFR, ERK, and JNK at 5 min after EGF stimulation; the phosphorylation peaked at approximately 10-15 min, and then gradually decreased (Fig. 1B, C, and D, respectively) . However, EGF had little to no effect on p38 MAPK phosphorylation (Fig. 1E) . In order to confirm that PD153035 properly attenuated the EGF-induced signaling at the receptor level, we examined the phosphorylation of the EGFR downstream molecules ERK and JNK after EGF stimulation. PD153035 clearly suppressed the EGF-induced phosphorylation of ERK and JNK (Fig. 1F) . These results indicate that EGF signaling through EGFR promotes the proliferation of SCDC2 cells.
EGF-induced MEK/ERK-and JNK-mediated signals positively regulate the proliferation of the PDL-derived EPC-like fibroblastic cells
In order to investigate whether the EGFR downstream molecules ERK and JNK mediate the EGF-induced signaling pathway to enhance proliferation of SCDC2 cells, various specific kinase inhibitors were utilized. The cells were stimulated with EGF (10 ng/mL) with or without the MEK inhibitor U0126 (1.0-5.0 µM) or the JNK inhibitor SP600125 (5.0-10 µM), and then the proliferation status was evaluated. As shown in Fig. 2A and B, each inhibitor suppressed the EGF-promoted proliferation in a dose-dependent manner. In addition, U0126 (5 µM) or SP600125 (10 µM) completely suppressed the EGF-induced enhancement of growth activity ( Fig. 2A and B, respectively) . In order to confirm that U0126 and SP600125 properly attenuated the EGF-induced signals at the level of MEK and JNK, respectively, we examined phosphorylation of their downstream molecules after treatment with the kinase inhibitors. As shown in Fig. 2C (left panel) , U0126 clearly suppressed EGF-induced phosphorylation of the MEK-downstream molecule ERK. In addition, SP600125 clearly suppressed EGF-induced phosphorylation of the JNK-downstream molecule c-Jun at Ser73 (Fig. 2C, right panel) .
EGF negatively regulates MF marker expression in the PDL-derived EPC-like fibroblastic cells through MEK/ERK-mediated signals
To investigate whether EGF-activated signals mediated by MEK/ERK affect the expression status of the MF markers in SCDC2 cells, U0126 was added to cell cultures under -12] was added to each well, and the culture was incubated for 4 h. The absorbance of each well was measured using a plate reader. The data were shown as values of Abs 450 -Abs 600 . Each experiment was repeated 3 times with 6 wells for each point (*P < 0.01; **P < 0.05). (B), (C), (D), and (E) SCDC2 cells were treated with 10 ng/mL EGF for the indicated times, and then, the phosphorylation status of (B) EGFR, (C) ERK, (D) JNK, and (E) p38 MAPK was evaluated by western blotting with antibodies as described in Materials and Methods. (F) In order to confirm that the EGFR inhibitor properly attenuated the EGF-induced ERK-or JNK-activities, phosphorylation of these MAPKs were evaluated in EGF-treated SCDC2 cells with or without PD153035 (5 µM) by western blotting, as described above.
stimulation with EGF; the mRNA and protein expression of MF-specific markers were then evaluated by qRT-PCR and immunocytochemical analyses, respectively. As shown in Moreover, immunocytochemical analysis revealed that the presence of 5 µM U0126 in SCDC2 cell culture under 10 ng/mL EGF stimulation enhanced α-SMA staining (red; Fig. 3B-a) . A similar result was observed in the staining of h1-calponin (red; Fig. 3B-b) . On the other hand, immunocytochemical studies revealed that U0126 (5 µM) did not significantly affect the expression of the EC-specific marker Tie-2 in the EGF-stimulated SCDC2 cells (data not shown). These results suggest that a large population of SCDC2 cells maintain an EC-like character even if EGF-induced MEK/ ERK signaling is inhibited by U0126, implicating that the U0126-induced MF differentiation of the cells might not seem to be mature MF differentiation. Thus, EGF-induced MEK/ERK signaling suppressed MF differentiation of SCDC2 cells. On the contrary, unlike U0126, SP600125 alone (up to 10 µM) did not induce MF differentiation of SCDC2 cells (data not shown). Intriguingly, the JNK inhibitor additively enhanced the MEK inhibitor-induced MF differentiation of the EGF-stimulated cells (Fig. 3C) . A permanent magnet was used to generate a mechanical force against the beads perpendicular to the dorsal surface of the cell. The magnetic force application against the collagen beads attached to the cell surface was loaded for 60 min. Then, the detection of proteins that were associated with the collagencoated beads was performed as described in Materials and Methods: the bead-associated cytoskeletal proteins indicated as "Pull-down" in upper 2 panels were evaluated by using western blot analyses. The results of immune-detection using "whole cell lysates" are shown in the lower 3 panels. (B) Cells were first incubated with collagen-coated beads (beads in 30 µL of stock solution), which attached to dorsal surfaces of cultured cells as described above. Then, tensile force was applied for 3 days with or without EGF (10 ng/mL) and U0126 (5 µM). Next, the mRNA expression level of α-SMA was analyzed by using qRT-PCR as described in Materials and Methods. Data represent the mean ± SD of experiments conducted in 3 dishes (*P < 0.01; **P < 0.05). (C) Cells were first cultured with or without TGF-β1 (1 ng/ mL) for 3 days, then with or without EGF (10 ng/mL) for 3 days as described in Materials and Methods (upper panels, no treatment; middle panels, TGF-β1 alone; lower panels, TGF-β1 and EGF). Then, the cells were immunostained with anti-α-SMA (red; left panels) or phalloidin (green; right panels) as described in Materials and Methods. All the cells were labeled with DAPI (blue). Scale bar, 50 µm. (D) Cells were treated with TGF-β1 or EGF as described in (C). Then, the expression status of α-SMA mRNA was evaluated as described in (B). Data represent the means ± SD of 4 dishes for each point (*P < 0.01).
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry the polymerization of globular actins (G-actins) that anchored to β1 integrin, resulting in formation of the integrin-anchored filamentous actin (F-actin), and subsequently induced the expression of MF specific marker α-SMA [26] . Firstly, we examined whether such a tensile force against the cell surface could induce F-actin stress fiber formation in SCDC2 cells. As shown in Fig. 4A , a permanent, magnet-generated tensile force against the β1 integrin on the surface of SCDC2 cells, mediated by collagen-coated magnetite beads, clearly increased the amount of bead-integrin-actin complexes in a bead-volume-dependent manner (lanes 1 to 3 of the top 2 panels). In contrast, little or no actin binding to the collagen-coated beadintegrin complexes in the cells was observed in the absence of force application (lane 4 of the top 2 panels). In addition, non-coated beads bound to neither β1 integrin nor actin, even if tensile force was applied (lane 5 of the top 2 panels). Moreover, the tensile force or bead application did not alter the protein expression of β-actin, β1 integrin, or GAPDH (bottom 3 panels). These results suggest that the experimental system generating tensile force against β1 integrin works as expected: the tensile force against cell surface induces the formation of F-actin stress fibers. We also found that a tensile force against β1 integrin on the surface of SCDC2 cells significantly upregulated the expression of the MF marker α-SMA (Fig. 4B) . Intriguingly, EGF (10 ng/mL) clearly suppressed the tensile force-induced expression of α-SMA, and the suppressive effect of EGF on MF marker expression was partially inhibited by U0126 (5 µM).
On the other hand, TGF-β has the ability to induce the differentiation of various types of cells into MFs that typically exhibit the formation of F-actin stress fibers [reviewed in 29] . Therefore, we evaluated how EGF affected the TGF-β-enhanced F-actin stress fiber formation in SCDC2 cells. Immunofluorescence analysis revealed that EGF did not inhibit this effect in SCDC2 cells (green; Fig. 4C , right panels), whereas EGF clearly suppressed TGF-β-induced α-SMA expression in SCDC2 cells (red; Fig. 4C, left panels) . The suppressive effect of EGF on the TGF-β-induced α-SMA expression was similarly demonstrated when using the qRT-PCR analysis (Fig. 4D) . In addition, EGF alone did not upregulate the expression of α-SMA, either at the mRNA or the protein level (data not shown). (A) Cells were seeded in tissue culture dishes with a basal growth media containing FGF-1 (10 ng/mL), as described in Materials and Methods and cultured for 22 h. Subsequently, EGF (10 ng/mL) was added to some of the cell culture dishes, which were incubated for 2 h. Next, TGF-β1 (3 ng/mL) was added to some of cell culture dishes, which were then incubated for an additional 30 min (lane 1, no treatment; lane 2, EGF alone; lane 3, TGF-β1 alone; lane 4, EGF and TGF-β1). Then, phosphorylation of cofilin at Ser3 was evaluated by using western blot analysis, as described in Materials and Methods. (B) The migratory ability of the cells was assessed using a Boyden chamber, as described in Materials and Methods. Data represent the mean ± SD of experiments conducted in 3 chambers ( * P < 0.05).
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EGF stimulates SCDC2 cell migratory activity in a MEK/ERK-dependent manner
As shown in Fig. 4C , EGF did not inhibit the TGF-β1-enhanced stress fiber formation in SCDC2 cells. However, EGF did seem to cause the cell morphology to change from a spreadout shape into a narrow and three-dimensional shape (data not shown), suggesting that EGF is also likely to induce actin cytoskeletal reorganization. First, we evaluated whether EGF affected the phosphorylation of the actin-depolymerizing factor cofilin at Ser3, as the depolymerizing activity of cofilin is negatively controlled by Ser3 phosphorylation [30, 31] . As shown in Fig. 5A , EGF clearly suppressed the TGF-β1-induced phosphorylation of cofilin at Ser3, suggesting that EGF possibly affects the status of actin cytoskeletal reorganization. In general, as the actin cytoskeleton is a key determinant of cell shape and motility [reviewed in 32], these findings suggest that EGF might affect the morphology and migratory activity of these cells.
To examine whether EGF affects SCDC2 cell migration, a migration chamber assay was performed, as described in Materials and Methods. As shown in Fig. 5B , EGF (10 ng/mL) significantly stimulated the migratory activity of SCDC2 cells. Intriguingly, U0126 (5 µM) significantly suppressed the EGF-induced migratory activity, whereas SP600125 (10 µM) did not. In addition, we confirmed that DMSO (the vehicle for the MEK-and JNK-inhibitors) did not affect the migratory activity of the cells (data not shown). These results strongly suggest that EGF stimulates migratory activity through MEK/ERK-mediated signals.
Discussion
Type I collagen turnover in PDL tissue occurs at rapid rates: in the skin of adult rats, the mean rate lies between 3 to 5% per day, although rates of more than 10% a day have been observed in PDLs [reviewed in 33]. Structural and biochemical changes in type I collagen were observed in PDL tissue during the tooth movement through alveolar bone by orthodontic force application: matrix metalloproteinases (MMPs) played important roles on the remodeling of PDL tissue through the degradation of type I collagen, which was one of the main components of fibrous connective tissue in PDL [34] . Intriguingly, MMP-13 (collagenase 3) expression was induced in both the compressed-and tensed-sides of the PDL caused by unidirectional orthodontic force loading on the rat maxillary molars [34] . On the other hand, Nakagawa et al. demonstrated that type I collagen gene expression during orthodontic tooth movement was more pronounced in the tensed-side of rat PDL rather than the compressed-side [35] . These findings suggest that the remodeling of fibrous tissue in the tensile force-loaded PDL seems to be faster than that in the absence of tensile force.
Differentiated MFs exhibit specific characteristics such as an increased production of extracellular matrices (ECMs) involving type I collagen, the development of F-actin stress fibers [9] , and the expression of the cell contraction-related molecules α-SMA and h1-calponin [9, 36] . As described above, the expression of α-SMA in the tensed-side of PDLs was induced during orthodontic tooth movement in 6-week male rats [10], suggesting that PDL fibroblasts might possess the potential to differentiate into MFs in response to mechanical tensile force loading. Intriguingly, we previously demonstrated elevated expressions of the MF markers α-SMA and h1-calponin in the PDL-derived EPC-like SCDC2 cells following stimulation with TGF-β1 [8] , suggesting that PDL tissue contains progenitor cells of differentiated MFs that can play important roles in remodeling fibrous tissues in PDL by producing ECM molecules such as type I collagen.
In this study, we first demonstrated that EGF stimulated the proliferative activity of PDL-derived EPC-like SCDC2 cells through intracellular signals mediated by EGFR and its downstream signaling molecules MEK/ERK and JNK (Figs. 1 and 2) . In contrast, as we previously reported, the FGF-1-induced SCDC2 cell proliferation was mediated via MEK/ ERK but not JNK [37] , suggesting that the signal pathways induced by FGF-1 and EGF were partly distinct with respect to their effects on cell proliferation in these cells.
Next, an important point to note is how cells coordinate proliferation and differentiation during tissue remodeling. In general, growth and proliferation are poorly compatible with differentiation; proliferation/differentiation switches have been demonstrated in different cell types [38] [39] [40] . Therefore, we examined whether an MEK inhibitor and a JNK inhibitor, which have been shown to suppress EGF-induced proliferative activity in SCDC2 cells, induced the MF differentiation of EGF-stimulated cells. We found that the MEK inhibitor U0126 (5 µM), which completely suppressed the EGF-induced upregulation of proliferative activity in these cells ( Fig. 2A) , clearly induced the expression of the MF differentiation markers α-SMA, h1-calponin, and colIα1 (Fig. 3A, B, and C) , strongly suggesting that EGF attenuates MF differentiation through a MEK/ERK-dependent signal. In contrast, the JNK inhibitor SP600125 (10 µM) alone did not affect MF marker expression in these cells (data not shown), even if SP600125 (10 µM) alone totally suppressed the EGF-induced proliferation of SCDC2 cells (Fig. 2B) . Thus, growth inhibition by a JNK inhibitor does not seem to be sufficient to induce the expression of MF differentiation markers. Intriguingly, the JNK inhibitor enhanced the MEK inhibitor-induced MF differentiation of the cells (Fig. 3C-a and -b), suggesting that JNK-mediated signals may negatively affect MF differentiation status only when the MEK/ERK activity is suppressed. These findings suggest a unique JNK-and MEK/ERK-pathway crosstalk during the MF differentiation of the PDL-derived EPC-like cells.
Chan et al. demonstrated that the tensile force against β1 integrin on the cell surface of HGFs induced both F-actin stress fiber formation and the subsequent upregulation of MF marker expression [26] . On the other hand, Meng et al., by using a culture plate that could be bent with a uniaxial four-point mechanical stress, demonstrated that mechanical tension stress induced α-SMA expression in cultured human PDL fibroblasts [41] . However, they did not elucidate the molecular mechanisms underlying the tensile force-induced expression of α-SMA in the cells. In addition, they did not investigate how the tensile force affected the F-actin stress fiber formation in the PDL-derived cells. In this study, we demonstrated that the tensile force mediated by β1 integrin clearly induced integrin-anchored actin-polymerization in PDL-derived EPC-like fibroblasts (Fig. 4A) . Intriguingly, EGF significantly inhibited the tensile force-induced α-SMA mRNA expression in a MEK/ERK-dependent manner (Fig. 4B) .
Cofilin is an actin-binding protein that works as a key molecule for actin filament reorganization by depolymerizing F-actin stress fibers, resulting in cell shape change or cell migratory activity [reviewed in 42, 43] . Cofilin activity is negatively regulated by phosphorylation at Ser3. As shown in Fig. 5A , EGF was able to decrease the TGF-β1-induced phosphorylation of cofilin at Ser3 in SCDC2 cells, suggesting that EGF possibly stimulates the cofilin-mediated migration of the cells. Therefore, we examined whether EGF could affect the cytoskeletal reorganization and migratory activity of SCDC2 cells and found that EGF significantly activated the cell migratory activity through MEK/ERK-mediated signal (Fig.  5B) . Xie et al. previously demonstrated that EGF activated both the proliferative and migratory activities of mouse fibroblast NR6 cells, which were derived from mouse embryonic fibroblast Swiss 3T3 cells, in a MEK/ERK-dependent manner [44] . Similarly, here we demonstrated that EGF activated both the proliferative and migratory activities of SCDC2 cells in a MEK/ERKdependent manner (Figs. 1, 2, and 5 ). Taken together, EGF appears to promote the proliferation and migration of mesenchymal cells in a MEK/ERK-dependent manner. Intriguingly, Pho et al. previously reported that the level of cofilin phosphorylation at Ser3 was increased during MF differentiation of cells derived from porcine aortic cardiac valves [45] , suggesting that phosphorylated cofilin seems to be a characteristic of MF differentiation. As shown in Fig.  5A , we demonstrated that the TGF-β1-induced upregulation of cofilin phosphorylation was suppressed by EGF in SCDC2 cells. In addition, EGF significantly inhibited the tensile forceand TGF-β-induced MF differentiation of the cells (Fig. 4) . Thus, our finding that EGF inhibits both cofilin phosphorylation and MF differentiation is compatible with the report from Pho et al. that MFs have a much greater ratio of phosphorylated cofilin to non-phosphorylated cofilin than undifferentiated premyofibroblasts.
In general, the abilities of stem/progenitor cells to proliferate, migrate, and differentiate into specialized cells are essential for tissue remodeling and regeneration. Here, we
